We propose and demonstrate photocatalytic hybrid nanocomposites that co-integrate TiO 2 and ZnO nanoparticles in the same host resin to substantially enhance their combined photocatalytic activity in the near-UV and visible spectral ranges, where the intrinsic photocatalytic activity of TiO 2 nanoparticles or that of ZnO nanoparticles is individually considerably weak. For a comparative study, by embedding TiO 2 nanoparticles of ca. 6 nm and ZnO nanoparticles of ca. 40 nm in the sol-gel matrix of acrylic resin, we make thin film coatings of TiO 2 -ZnO nanoparticles (combination of TiO 2 and ZnO, each with a mass ratio of 8.5%), as well as the composite films of TiO 2 nanoparticles alone (17.0%), and ZnO nanoparticles alone (17.0%), and a negative control group with no nanoparticles. For all of these thin films coated on polyvinyl chloride (PVC) polyester, we experimentally study photocatalytic activity and systematically measure spectral degradation (recovery obtained by photocatalytic reactions). This spectral characterization exhibits photodegradation levels of the contaminant at different excitation wavelengths (in the range of 310-469 nm) to distinguish different parts of optical spectrum where TiO 2 and ZnO nanoparticles are individually and concurrently active. We observe that the photocatalytic activity is significantly improved towards the visible range with the use of TiO 2 -ZnO combination compared to the individual cases. Particularly for the excitation wavelengths of photochemical reactions longer than 400 nm, where the negative control group and ZnO nanoparticles alone yield no observable photodegradation level and TiO 2 nanoparticles alone lead to a low photodegradation level of 14%, the synergic combination of TiO 2 -ZnO nanoparticles achieves a photodegradation level as high as 30%. Investigating their scanning electron microscopy (SEM), X-ray diffraction (XRD), and high resolution transmission electron microscopy (HRTEM), we present evidence of the heterostructure, crystallography, and chemical bonding states for the hybrid TiO 2 -ZnO nanocomposite films, in comparison to the films of only TiO 2 nanoparticles, only ZnO nanoparticles, and no nanoparticles.
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Introduction
Metal oxide nanoparticles have recently attracted worldwide attention for their superior photocatalytic properties. Such photocatalytic nanoparticles find a wide range of important environmental applications including self-decontamination of large areas (both indoors and outdoors) by decomposing organic compounds and viral, bacterial, and fungal species adsorbed on the surface and also reduction of air pollution by decreasing NO x and CO x amounts in air [1, 2] . In operation, the range of optical spectrum where these photocatalysts become active is of fundamental importance, especially when their optical excitation mainly relies on sunlight. In general, the metal oxide nanoparticles are not photocatalytically excited in the visible range of solar spectrum, as they are typically made of wide bandgap semiconductors, e.g., TiO 2 and ZnO. The performance of such metal oxide semiconductor nanoparticles depends on the process of optical absorption of incident photons (with sufficient photon energy, typically falling into the UV range) and subsequent photogeneration of electron and hole pairs (which exhibit dissimilar parity in their respective conduction and valence bands, leading to low recombination rates) [2] . With longer lifetimes, these photogenerated electron-hole pairs diffuse to the nanoparticle surface before recombination to initiate a chain of photochemical reactions. Thus, to achieve high photocatalytic activity under solar illumination, photocatalyst semiconductors need to feature narrower bandgap matching the solar spectrum. However, this undesirably reduces photoactivity [3] . Therefore, there is a fundamental trade-off between the photochemical reac- tions at the longer wavelengths and the level of photoactivity. As a result, it has been very challenging to obtain photocatalysts with the capability of efficient photocatalytic activation in the visible range.
Various approaches have been reported to modify electronic structure of metal oxides and enhance photocatalytic efficiency under sunlight. One of the reported techniques is to use selective doping to control properties of metal oxides [4] . For this, nitrogen has been found to be beneficial to allow for bandgap narrowing and absorption enhancement [5] . Boron doping [6] and carbon doping [7] have also been reported to facilitate increased absorption of visible light. Another promising solution reported for higher photocatalytic efficiency under daylight is to mix two or more different kinds of metals into oxide systems. Such systems are useful for promoting the separation of electron hole pairs and keeping reduction and oxidation reactions at two different reaction sites [8] . Different hybrid metal oxides such as Co 3 O 4 -BiVO 4 [9] , Cu 2 O-TiO 2 [10] , RuO 2 -WO 3 [11] , TiO 2 -ZnO [12] [13] [14] [15] [16] [17] have been reported for enhanced visible response.
In the literature, to date, although there is considerable amount of research work reported for the investigation of photocatalytic activation of TiO 2 nanoparticles alone and ZnO nanoparticles alone, which are separately immobilized in thin films (e.g. [2, 18] ), and there are also prior works analyzing ZnO-TiO 2 systems that show improved separation of the photogenerated charge carriers [12] [13] [14] [15] [16] [17] , there is no previous report on a systematic optical excitation study of combined TiO 2 and ZnO nanoparticles that are employed together in a single composite film for enhanced photocatalytic activity at longer wavelengths for large area applications.
In this paper, different than prior works of our group [19] [20] [21] [22] and others [12] [13] [14] [15] [16] [17] , to address this need for enhanced photocatalysis in the solid film towards the visible, we present optical study of photocatalytic hybrid nanocomposites that co-integrate TiO 2 and ZnO nanoparticles in the same resin host to substantially enhance their combined photocatalytic activity in the near-UV and visible spectral ranges, where the intrinsic photocatalytic activity of TiO 2 nanoparticles or that of ZnO nanoparticles is individually considerably weak. Normally immobilization reduces effective catalyst surface and photocatalytic efficiency [23, 24] . This is due to the fact that the photo-induced carrier transfer takes place at the interface of the photocatalyst and the adsorbed material [25] . To recover this severely decreased efficiency as a result of the immobilization, nanostructured semiconductors can be used to increase their surface-to-volume ratio [18] . In our work, we used nanostructured semiconductors (TiO 2 of ca. 6 nm in size and ZnO of ca. 40 nm in size) with their high surface-to-volume ratios embedded in a threedimensional (3-D) acrylic matrix, which conveniently provides a suitable host for a homogenous distribution of the metal oxides and reduces aggregates.
In this methodology, integration of nano-sized particles into the sol-gel matrix does not only provide high photocatalytic activity but also enables a highly dispersed, non-agglomerated nanoparticle material system with high surface roughness, increased surface hydrofobicity and decreased photodegradation of the host material. Such increased surface roughness, followed by hydrophobization, was also previously studied by different groups for different purposes, for example, for textile applications [26] . Such sol-gel process offers advantages including high purity, good uniformity of the film microstructure, low-temperature synthesis, and easily controlled reaction conditions [24] . Therefore, in this study, we obtain comparatively high photocatalytic activities of metal oxide nanoparticles embedded in sol-gel in spite of the fact that the particles are immobilized.
In our previous work, we investigated optical spectral response of only TiO 2 nanoparticles [19, 20] and only ZnO nanoparticles [21, 22] separately immobilized in sol-gel networks. We showed the size effect for TiO 2 nanoparticles by comparing their photocatalytic performance [19] . In this present work, unlike our previous studies, we embedded both TiO 2 and ZnO nanoparticles in the same resin for an enhanced photocatalytic activity towards the visible spectral range. Different from other research works, here we perform optical spectral excitation characterization of TiO 2 and ZnO nanoparticles combined in a single thin film, which is achieved in a simple and low cost method, to show different parts of the optical spectrum where these photocatalysts become active when together.
For the composite film, we developed acrylic resin for cointegration of TiO 2 and ZnO nanoparticles in its 3-D matrix. Hybrid organic-inorganic material formation via sol-gel route prevented degradation of the host resin by highly active photocatalytic nanoparticles. Therefore, during our photochemical reaction experiments, we observed the photocatalytic activity that stems from the degradation of contaminant methylene blue with the use of nanoparticles. In the literature, several methods that incorporate various metal oxides in the layered compounds for nanocomposite films were reported; using these, higher photocatalytic activities compared to unsupported photocatalysts were obtained [3] . However, these previous experiments do not show the optical spectral range over which the enhancement occurs. Such nanocomposites formed using various techniques have been mostly activated with direct sunlight [27] , with a UV source that includes all UV wavelengths [28] , or at a single activation wavelength [29] . But there is no complete spectral investigation of optical activation efficiency that shows where the enhancement contribution comes spectrally from. Using our integrated TiO 2 -ZnO nanocomposite films, here we illustrate the enhancement of the photocatalytic activity achieved as a function of the activation wavelength in the spectral ranges of near-UV and visible. This renders critically important for outdoor (and some indoor) applications that rely mostly on the sunlight, as these spectral ranges of near-UV and visible are stronger in the solar spectrum compared to the deeper UV ranges, commonly required for conventional photocatalysis. Nanocomposite metal oxides offer a strong potential to be used in different large-area environmental applications including wide-scale self-decontamination (both indoors and outdoors) by decomposing organic compounds and viral, bacterial, and fungal species adsorbed on the surface. However, towards this end, their photocatalytic activity in the visible range still needs to be improved and practical production methods need to be explored, especially considering the fact that photocatalytic reactions have thus far been studied mostly in aqueous environment. In this paper, to address these issues, we propose and demonstrate photocatalytic hybrid nanocomposite films that employ TiO 2 and ZnO nanoparticles in the same host resin to substantially enhance their combined photocatalytic activity in the near-UV and visible spectral ranges. Here the novelty of this work comes from the simple approach of co-integrating TiO 2 and ZnO nanoparticles into a single nanocomposite structure to surpass their individual intrinsic photocatalytic activities in the near-UV and visible. In this paper, as a result, the contribution of this work is two folds: First we systematically investigate and demonstrate that photocatalytic reaction efficiency can be increased in solid form by using hybrid nanocomposites of TiO 2 and ZnO nanoparticles incorporated in the same acrylic sol-gel resin for large-area photocatalytic applications, which can potentially lead to wide-scale self-cleaning applications (because such thin films can easily be formed even by spraying). Second, we spectrally characterize photodegradation levels of the contaminant at a series of excitation wavelengths from the visible to UV to distinguish the activation range of optical spectrum, which has been previously missing in the prior literature. In this work, this systematic optical excitation study of TiO 2 and ZnO nanoparticles combined together in a single composite film demonstrated hybrid photocatalytic nanocompos- ites with substantially enhanced optical activity in solid form at longer wavelengths. This hybrid nanocomposite film approach, which is simple and compatible with mass production, is expected to contribute to combating various forms of environmental pollution.
Experimental
In this work, we formed three different sets of nanoparticle composite films, each with a ∼10 m thickness: (1) with the combination of TiO 2 -ZnO (8.5 mass% of TiO 2 and 8.5 mass% of ZnO; a total of 17.0% from both nanoparticles), (2) only with TiO 2 of 17.0%, and (3) only with ZnO of 17.0% in the films. For all three types of these nanocomposite material systems, the associated nanoparticles were integrated into identical acrylic resin on polyvinyl chloride (PVC) coated polyester substrates for optical characterization. We prepared the silicate matrix using the widely known sol-gel technique based on hydrolysis and condensation reactions of two types of silicon alkoxides, and controlled their rates by HCI catalyst, as shown below, where R is an alkyl group. As well known, hydrolysis provides reactive silanol groups and condensation leads to the formation of bridging oxygen.
Si-(OR) 4 
For the reaction medium of the sol-gel reaction, we used ethyl alcohol and isopropyl alcohol. We set the starting reaction temperature to 50 • C. We modified our metal oxides within the sol-gel in situ while we added acrylic and methacrylic esters to the system. During the modification of metal oxides and acrylic resin synthesis, we increased the reaction temperature to 85 • C. After the completion of monomer conversion, we finally decreased the reaction temperature to the room temperature and further mixed the metal oxides in the sol-gel at least for 2 h at a rate of 3500 rpm. Hydrolysis and condensation rates of silicon alkoxides are enhanced by acid or base catalysis. We used the same procedure for all of our metal oxide types (only ZnO, only TiO 2 , and their combination). As a result of the integration, we obtained nanocomposite materials with their nanoparticles dispersed more uniformly than mere mechanical blending. We varied and investigated the ratios of sol-gel to metal oxides and metal oxide to acrylic resin in terms of their photocatalytic performance and stability. The optimum ratios were found to be 50% for the metal oxide modification and 17% for the total metal oxide content. We assessed the structure and morphology of the nanocomposites by using scanning electron microscopy (SEM) by drop casting the nanocomposite sol-gel matrix on Si (1 0 0) substrate provided in Fig. 1a-c . SEM images exhibit immobilization of only TiO 2 nanoparticles, only ZnO nanoparticles and their combination in their respective samples. Fig. 1c shows that integrating titania and ZnO particles together in the sol-gel matrix provides a comparatively more porous structure and thus leads to effectively a larger activation area for enhanced photocatalytic reactions.
As shown in Fig. 2 , for our photocatalytic degradation measurements, we used a monochromator (CM 110 Spectral Products) and a Xenon light source to spectrally activate our thin films in the UV and the visible wavelength range, and to perform transmission measurements using Newport powermeter. The measurements were computerized and automated by in-house developed Labview programs. The components such as the monochromator and powermeter were controlled via GPIB (General Purpose Interface Bus) interfaces. Optical analysis of the photocatalytic recovery was carried out through a standard process of contaminating our samples and then activating them under illumination of a monochromatic light at a specified wavelength ( ). After each controlled activation period, the optical transmission measurement of the activated sample was taken for optical recovery analyses.
Results and discussion
We applied the nanocomposites in the sol-gel matrix on flat PVC coated polyester substrates through spray coating method. We carefully adjusted the spray coating to obtain the same thin film thickness (∼10 m) for all of our dry films. Also, our electron dispersion spectroscopy (EDS) characterizations of these samples confirm that only TiO 2 nanocomposite samples include only Ti (thus only TiO 2 nanoparticles) but no Zn (thus no ZnO nanoparticles), that only ZnO nanocomposite samples include only Zn (thus only ZnO nanoparticles) but no Ti (thus no TiO 2 nanoparticles), and that TiO 2 -ZnO samples include both Ti and Zn (thus both TiO 2 and ZnO nanoparticles).
To obtain phase identification of these hybrid nanocomposites, Fig. 3 shows normalized XRD patterns of only TiO 2 , only ZnO and TiO 2 -ZnO nanoparticle thin films on Si substrates. We attained the diffraction peaks of TiO 2 and ZnO by using the standard spectra (JCPDS reference codes: 01-070-6826 and 00-001-1136, respectively). For only TiO 2 integrated films, XRD patterns exhibit diffraction peaks at ∼25 • (1 0 1) and ∼48 • (2 0 0) indicative of the anatase phase. The patterns exhibit broad peaks due the small-size TiO 2 nanoparticles. We calculate the average grain size to be ∼6 nm by applying the Debye-Sherrer formula, which is in agreement with the size measured by TEM. In the case of only ZnO integrated films, XRD patterns show diffraction peaks at ∼36 • (1 0 1) and ∼31 • (1 0 0) specifying zincite-hexagonal phase. We calculate the average grain size to be ∼40 nm by applying the Debye-Scherrer formula. The peaks are in conformity with the standard spectrum. The broad peaks at ∼19 • show the silica phase in the sol-gel matrix. The patterns illustrate that there is no chemical change when ZnO and TiO 2 nanoparticles are integrated in the sol-gel matrix and the interaction between TiO 2 and ZnO in TiO 2 -ZnO films is suggested to be in the electronic states due to the charge transfer decreasing the recombination rate of the generated electron-hole pairs.
To investigate the composition, structure and morphology of the photocatalytic hybrid TiO 2 -ZnO nanocomposites, in Fig. 4 , we present the lattice image taken by transmission electron microscopy (TEM) using Tecnai G2 F3 electron microscope with a 200 kV acceleration voltage. As shown in Fig. 4a and b, we observe that the grain size of TiO 2 and ZnO nanoparticles is about 6 and 40 nm, respectively. The results illustrate that the grains are in crystalline phase and the crystallite sizes are in agreement with the calculated grain sizes from the XRD patterns as it was shown in Fig. 3 .
For optical characterizations, we used a Xenon light source and a monochromator to activate our contaminated samples using monochromatic light at 16 different activation wavelengths tuned from 310 nm to 469 nm. We employed the standard industrial contaminant methylene blue for contamination by drop casting method. We optically characterized the photodegradation of the contaminant via its oxidization with the active radicals generated on metal oxide surfaces as a result of optical activation. In previous research works, e.g. [30] , bleaching of methylene blue by UV-irradiated TiO 2 was also used. It was shown that bleaching cannot be due to a simple reduction of methylene blue to its leuco form but instead it had to be through a decomposition process. In our experiments, we used the activation power in the range of tens to hundreds of microwatts (which is sufficient to activate photochemical reactions but not to initiate direct photolysis for our samples) and the exposure time was in minutes (a few to tens of minutes). For each photoactivation process at a particular wavelength, we kept the total number of incident photons to activate the photochemical reaction per unit area ([power to enable the photochemical reaction × time]/[spot size × photon energy]) constant (at 10 22 m −2 ). We experimentally investigated optical spectral photocatalytic recovery behavior (i.e., optical degradation obtained by photocatalysis reactions) of these nanocomposite films as a function of the excitation wavelengths (from 310 nm to 469 nm) in the UV and visible ranges. We optically measured these photocatalytic recovery levels using transmission spectroscopy in the visible spectral range after exposure at each of the selected activation wavelengths. In these experimental characterizations, we calculated the optical degradation level as the percentage ratio of the area between the transmittance spectra before and after photocatalytic degradation to the area between those before and after addition of methylene blue as given in (1). Here T clean ( ) is the transmittance level of the sample across the visible part of the spectrum when it is clean (before contamination with methylene blue), T contanimated ( ) is that of the sample when it is contaminated with methylene blue (before optical activation), and T activated ( ) is that of the sample when it is optically activated at a particular excitation wavelength. The optical recovery characterization showed the amount of the adsorbed contaminant that was photocatalytically degraded at a particular activation wavelength.
Optical degradation percent
As shown in Figs. 5 and 6, we measure the transmittance spectra of T clean ( ), T contanimated ( ), and T activated ( ) for the composite films embedded with nanoparticles in different combinations: TiO 2 -ZnO nanocomposite in (a), only TiO 2 in (b), and only ZnO in (c), as well as the control group of acrylic host resin without any nanoparticles in (d), at two different activation wavelengths (activated at 330 nm in Figs. 5a-d and 403 nm in Fig. 6a-d) . Here we observe a significant decrease in the optical transmittance of all of these films as they are contaminated with methylene blue. Except for the control group, this is followed by a subsequent increase in the transmittance after the film is photocatalytically activated using a monochromatic light at the particular excitation wavelength. The decreased transmittance in the visible range substantially recovers its original level during the photoactivation process if there is sufficient photocatalytic activity. For the negative control groups (in Figs. 5d and 6d) , when we monitor the optical activity that takes place in the host (resin) film with no particle, we observe clearly much weaker degradation of methylene blue at the excitation wavelength compared to those of the samples that contain nanoparticles. Here we do not observe any significant effect of photolysis because of low level of optical excitation power used in our study (although direct photolysis can possibly occur in general in addition to the photocatalytic process if the ultraviolet radiation exceeds a certain level of energy [31] ). Also, oxidation of molecular oxygen can only possibly be observed at high optical intensities. In our case, the excitation radiation intensities are very low for a noteworthy contribution from the oxidation of molecular oxygen [32] . This implies that the observed optical activity in Figs. 5a-c and 6a-c is primarily a result of the photocatalysis, if any, but not of the photolysis, for the operating power levels adopted in our experimental characterizations. For optical excitation at 330 nm in Fig. 5 , we find out that TiO 2 nanoparticles have the highest photocatalytic activity, while ZnO nanoparticles exhibit weaker photocatalytic activity. In the literature, ZnO is considered as a good alternative for TiO 2 [33] ; in our case, the size effect can be one of the factors to decrease their corresponding photocatalytic activity. For optical excitation at 403 nm in Fig. 6 , we find out that the combination of TiO 2 -ZnO nanoparticles have the highest photocatalytic activity, while the others exhibit weaker photocatalytic activity.
To develop a better understanding of the synergistic effect, Fig. 7 depicts a complete set of the photocatalysis experiments, spectrally resolved at different excitation wavelengths tuned from 310 nm to 469 nm. These optical degradation levels were obtained using (1) with photochemical reactions enabled, all at a constant total number of incident photons per unit area, but at different photochemical reaction wavelengths (activation wavelengths). As a result of these experiments, we observe that TiO 2 shows higher optical spectral photocatalytic degradation than zinc oxide for all activation wavelengths as presented in Fig. 7 . The fast decrease in the optical degradation is observed at a shorter wavelength (∼370 nm) for TiO 2 than for ZnO (∼380 nm) as seen in Fig. 7 . This different photocatalytic behavior is related to the absorption band edges of the incorporated nanoparticles. Both TiO 2 (in anatase form) and ZnO (zincite) have bandgap energies of about 3.3 eV, corresponding to an optical wavelength of ∼376 nm confirmed by the XRD phase identification studies. The difference in the absorption edge is attributed to the widening of the bandgap with the shrinking size of TiO 2 and ZnO nanoparticles in this work. TiO 2 continues its photocatalytic activity at significant levels when optically activated at wavelengths between 380 nm and 420 nm as observed in Fig. 7 . This is due to the absorption tail of anatase TiO 2 . Indirect transitions are allowed at these activation wavelengths. On the other hand as shown in Fig. 7 , TiO 2 -ZnO nanocomposite films exhibit enhanced photocatalytic activity in the near-UV range and some part of the visible spectrum (up to 469 nm), which is a part of the solar spectrum more abundant in daylight compared to deep UV range. In Fig. 7 , the optical recovery (degradation) level of TiO 2 -ZnO nanocomposite is 30% at 400 nm activation wavelength when TiO 2 alone has only 14% and ZnO alone has only 3%. Also at longer wavelengths TiO 2 -ZnO nanocomposite film further continues its photocatalytic activity, while TiO 2 alone or ZnO alone does not exhibit any significant photocatalytic activity beyond 400 nm. For TiO 2 -ZnO nanocomposite films, though, even at 440 nm activation wavelength, an optical degradation of 20% is achieved. Fig. 8 exhibits our experimental data for optical wavelengths longer than 380 nm where the rates of degradation tend to decrease; these results clearly demonstrate the photocatalytic enhancement in TiO 2 -ZnO nanocomposite film in the near UV and visible spectral range. We observe that TiO 2 -ZnO combination has an enhanced optical degradation where only TiO 2 , only ZnO, or control groups have no significant activity. The underlying mechanism of the increased photocatalytic activity in TiO 2 -ZnO composites in comparison to the individual metal oxides is attributed to charge transfer. In the case of TiO 2 -ZnO composites it is possible to facilitate the use of the indirect bandgap of TiO 2 , which has a narrower gap than the direct one, along with subsequent charge transfer of the exited electrons to ZnO, whose conduction band energetically matches, as confirmed by the phase identification (obtained by XRD results). The modification in TiO 2 bandgap (from 3.2 eV to 3.3 eV) due to quantum size effect is also taken into account for the TiO 2 nanoparticles [34] . The suggested charge transfer in TiO 2 -ZnO composites then possibly enhances the photocatalytic activity even when the incident photon energy level is lower than the bandgap of TiO 2 . The increased photocatalytic activity can be explained with the decreased recombination rate as the electrons are transferred from the conduction band of TiO 2 to the conduction band of ZnO while the holes are transferred from the valance band of ZnO to the valance band of TiO 2 . Previous research reports also correlate higher photocatalytic efficiency with the charge transfer [12] [13] [14] 16] . Also improved photocatalytic activity in ZnO-TiO 2 nanocomposites can also stem from the high binding energy of ZnO and enhanced reactivity of TiO 2 , which increases the process of electron and hole transfer between the respective conduction and valence bands.
In addition to these results, we performed extensive characterization to optimize the mass percentages for obtaining high photocatalytic efficiencies at different wavelengths. The set of samples with the mass percentages leading to the best results are presented here. In the case of lower mass percentages of nanoparticles, the photocatalytic activity is expectedly weaker and clearly suboptimal due to insufficient number of embedded nanoparticles in the film. For the cases of higher mass percentages, we observe that, although the overall photocatalytic efficiency enhancement is relatively lower due to agglomeration of nanoparticles, the photocatalytic synergy still enhances comparatively the optical recovery behavior towards the visible range. In this co-integration approach, we thus repeatedly observe in our samples to different extends that the level of photocatalytic degradation can be increased for optical activation in the near-UV and visible spectra of light.
Conclusions
In conclusion, we formed highly active photocatalytic films with immobilized TiO 2 -ZnO nanoparticles that were integrated inside three-dimensional acrylic sol-gel. For a comparative study, we used three different samples including only TiO 2 (∼6 nm in diameter), only ZnO (∼40 nm in diameter) and TiO 2 -ZnO combined nanocomposites. By integrating TiO 2 and ZnO nanoparticles in the acrylic host resin, we achieved a good dispersion of the nanoparticles compared to simply blending them mechanically into the host. SEM pictures verify the porous surface structure of the composite thin films, which resulted in comparatively larger photodegradation area and photocatalytic activity. We observed that although both of the nanoparticles had similar photocatalytic properties, TiO 2 nanoparticles provided much better photocatalytic activity than ZnO nanoparticles for all photochemical reaction wavelengths. On the other hand, even though TiO 2 embedded films demonstrated higher photocatalytic efficiency in the deeper UV ranges, the co-integration of TiO 2 and ZnO nanoparticles into the same resin substantially improved the photocatalytic activity in the near-UV and visible spectral ranges, where the intrinsic photocatalytic activities of TiO 2 and ZnO nanoparticles individually were found to be considerably weak. Particularly for the excitation wavelengths of photochemical reactions longer than 400 nm, where the negative control group and ZnO nanoparticles alone yield no observable photodegradation level and TiO 2 nanoparticles alone lead to a low photodegradation level of 14%, the synergic combination of TiO 2 -ZnO nanoparticles achieves a photodegradation level as high as 30%. This proof-of-principle spectrally resolved activation demonstration shows great promise of these hybrid nanocomposites particularly for photocatalytic degradation in outdoor applications using near-UV and visible spectral ranges of the solar spectrum. As we demonstrated the synergistic effect of the photocatalytic TiO 2 -ZnO hybrid nanocomposites in the near-UV and visible spectral ranges by the optical characterizations, we exhibited the evidences of the nanostructure, crystallography, and chemical bonding states for the films through different material characterization techniques including EDS, SEM, HRTEM and XRD. The lattice images of the hybrid nanoparticles by HRTEM and the phase identification by the XRD patterns showed that there is no chemical bonding between the two different nanoparticles.
Hence the enhanced photocatalytic activity is attributed to the transfer of electrons from the conduction band of TiO 2 to that of ZnO and the holes from the valance band of ZnO to that of TiO 2 , which decreases the recombination rate of these photogenerated electron-hole pairs.
Hybrid nanocomposite coatings with enhanced activity in the visible range can be used for all internal-external metal, glass, ceramic and wood surfaces. With their distinctive properties such as photocatalytic self-cleaning, resistance towards bacteria and elimination of various air pollutants, they can be applied to largearea surfaces in the form of paint, coating, cement additives and so on. Such functional surfaces offer strong potential for use in various emerging fields in the energy, construction, automotive, health, security and other industrial sectors. Thin film coating on large areas is low cost and simple when using the presented sol-gel method. Among these different applications, large-area applications that offer solutions to combat environmental pollution and to prevent wide-scale accumulation of unwanted contaminants receive industrial attention for their enhanced self-cleaning properties under sunlight.
